Introduction {#sec1-1744806916629051}
============

Noxious and innocuous sensation is largely mediated through the transmission of sensory information from the periphery to the spinal cord via modality-specific sensory afferents.^[@bibr1-1744806916629051]^ The precise nature of sensation is dependent not only on the pattern of sensory afferents activated peripherally but also on how this input is processed and integrated in the spinal cord.^[@bibr2-1744806916629051]^ Abnormalities in either afferent or dorsal horn interneuronal activity can lead to pathological sensory conditions, including chronic pain.^[@bibr2-1744806916629051][@bibr3-1744806916629051]--[@bibr4-1744806916629051]^ Deciphering how sensory information is relayed through the spinal cord from the periphery and how this process changes in pathological conditions is crucial for the development of novel therapeutic approaches that treat the root causes of sensory dysfunction.

Optogenetic tools offer a powerful means for the cell-specific, functional dissection and modulation of sensory circuits. Optogenetic proteins have previously been expressed in genetically^[@bibr5-1744806916629051]^ and biologically defined^[@bibr6-1744806916629051]^ sensory afferent populations to study nociception induced by peripheral optical stimulation. In vitro studies have also employed optogenetics to explore sensory and motor circuitry of the spinal cord.^[@bibr7-1744806916629051][@bibr8-1744806916629051][@bibr9-1744806916629051][@bibr10-1744806916629051]--[@bibr11-1744806916629051]^ However, the difficulty in delivering light to the spinal cord of freely behaving animals has hindered the optogenetic study of how spinal processing modulates behavioral responses to sensory input.

Recently, a subcutaneous, wireless light-emitting diode (LED) system was described that could activate channelrhodopsin-2 (ChR2) expressing sensory afferents either peripherally or at the spinal level.^[@bibr12-1744806916629051]^ This advancement enabled the manipulation of sensory afferents in awake mice. Yet, it is unclear whether this LED approach can deliver sufficiently intense light for the activation of inhibitory optogenetic proteins such as archaerhodopsin (ArchT) that have a higher threshold for activation than channelrhodopsin, or for the activation or inhibition of neurons within sensory processing pathways of the spinal cord dorsal horn that lie beneath a layer of myelin. The inhibition of nociceptive afferents via activation of ArchT or manipulation of intrinsic spinal neuron activity to inhibit the activity of nociceptive projection neurons would enable optogenetic induction of analgesia---one of the key therapeutic possibilities enabled by spinal cord optogenetics.

To overcome this key obstacle, we have developed an effective epidural optic fiber implant for mice that is entirely compatible with conventional LED or laser-based optogenetic systems, and that enables the spinal delivery of light in acute and chronic experiments. This approach offers the advantages of permitting delivery of multiple wavelengths of light for the activation of the complete palette of optogenetic proteins, as well as the delivery of sufficient light intensity for activating or inhibiting intrinsic spinal cord neurons in sensory processing pathways. We used this easily constructed and readily employed design to induce mechanical hyperalgesia arising from sensory plasticity and dorsal horn disinhibition, and the immediate and acute induction of analgesia.

Methods {#sec2-1744806916629051}
=======

Animals {#sec3-1744806916629051}
-------

All behavioral experiments were conducted in accordance with the guidelines established by the Canadian Council for Animal Care. Adult (\>12 weeks old) male C57BL/6 mice were used for experiments except where indicated otherwise. Mice were kept on a 12:12 light:dark cycle in groups of one to four mice per cage prior to fiber implantation, and singly housed after implantation of the fiber, with food and water provided ad libitum*.* All experiments started prior to 10:00.

Optogenetic mouse models were generated using three different approaches to highlight a number of applications of the epidural optic fiber (see [Table 1](#table1-1744806916629051){ref-type="table"}). Mice expressing ChR2 in Na~v~1.8^+^ nociceptive afferents (Na~v~1.8-ChR2) were generated by crossing mice expressing Cre-recombinase in Na~v~1.8^+^ neurons (Na~v~1.8-Cre; generously provided by Rohini Kuner)^[@bibr13-1744806916629051]^ with mice expressing a loxP-flanked STOP cassette upstream of a ChR2-EYFP fusion gene at the Rosa 26 locus (Rosa-CAG-LSL-ChR2(H134R)-EYFP-WPRE; stock number 012569, The Jackson Laboratory, Bar Harbor, ME). In these mice, Cre expression is restricted to the dorsal root ganglia, and the vast majority (\>90%) of Cre-expressing cells are unmyelinated C-fibers that innervate the superficial dorsal horn ([Figure 1](#fig1-1744806916629051){ref-type="fig"}(a) and (b)).^[@bibr13-1744806916629051],[@bibr14-1744806916629051]^ Mice expressing ArchT in Na~v~1.8^+^ nociceptive afferents were generated by intraperitoneal injection of neonatal (P5) Na~v~1.8-Cre mouse pups with 20 μl of AAV8 virus Cre-dependently expressing ArchT (AAV8-CBA-Flex-ArchT-GFP-WPRE-SV40, \>10^13^ particles·ml^−1^, University of North Carolina). We confirmed that this technique efficiently transfects dorsal root ganglia neurons while sparing the spinal cord dorsal horn by injecting neonatal mouse pups (P5) intraperitoneally with with Cre-independent AAV9 expressing GCaMP (AAV9, CAG-GCaMP6s-WPRE-SV40, \>10^13^ particles·ml^−1^, University of Pennsylvania), after which we observed no transfection of spinal cord neurons ([Figure 1](#fig1-1744806916629051){ref-type="fig"}(c) and (d)).^[@bibr15-1744806916629051]^ Mice expressing ArchT in spinal cord inhibitory interneurons were generated by intraspinal injection of AAV8 virus Cre-dependently expressing ArchT into adult (eight weeks) male GAD2-IRES-Cre mice (Stock number 010802, The Jackson Laboratory). Briefly, adult mice were anesthetized with 2.5% to 3% isoflurane and L3 through L5 spinal cord was exposed by laminectomy; 500 nl of AAV8-CBA-Flex-ArchT-GFP-WPRE-SV40 (\>10^13^ particles·ml^−1^, University of North Carolina) were pressure ejected into the spinal parenchyma at a depth of 100 µm via a glass pipette connected to a nanoinjector (Micro 4, World Precision Instruments, Florida, USA) at a rate of 100 nl·min^−1^. The injection was carried out four times bilaterally (two times on each side) on each mouse. The expression of ArchT was restricted to the superficial dorsal horn and overlapped with GAD65/67 expression ([Figure 1](#fig1-1744806916629051){ref-type="fig"}(e) and (f)). Mice were allowed to recover from intraspinal injection for four weeks prior to epidural fiber implantation. Table 1.Summary of optogenetic models and approaches used.Mouse modelMethod of generationMethod of light deliveryFigureNa~v~1.8-ChR2Na~v~1.8-Cre × Floxed ChR2Epidural in awake4b,c,fNa~v~1.8-ChR2Na~v~1.8-Cre × Floxed ChR2Peripheral under anesthesia4dNa~v~1.8-ChR2Na~v~1.8-Cre × Floxed ChR2Epidural under anesthesia4eGAD2-ArchTIntraspinal AAV in GAD2-CreEpidural in awake4h,iNa~v~1.8-ArchTI.P. AAV (neonates) in Na~v~1.8-CreEpidural in awake4kC57BL/6NoneEpidural in awake4l

Epidural fiber production and implantation {#sec4-1744806916629051}
------------------------------------------

The epidural optic fiber implant consisted of a length of multimode plastic fiber (240 µm core, 250 µm diameter with cladding, 0.62 NA) modified with a diffusive tip (Doric Lenses, Quebec, Canada) to enable multidirectional diffusion of light from the fiber ([Figure 2(a)](#fig2-1744806916629051){ref-type="fig"} and ([b](#fig3-1744806916629051){ref-type="fig"}); [Figure 3](#fig3-1744806916629051){ref-type="fig"}(a)). The fiber was fitted with a ceramic ferrule (2.5 mm diameter, 270 µm bore; Thor Labs, Germany) and the length of the fiber from the end of the ferrule to the diffusive tip was typically 40 mm, but varied from 38 mm to 42 mm for implantation in longer or shorter mice, as necessary. A 5 mm diameter base of dental cement was added to the ferrule prior to implantation to facilitate fixation on the skull of the mouse. Figure 1.Characterization of optogenetic mouse models used. (a,b) Spinal expression of ChR2-YFP in Na~v~1.8-ChR2 mice. ChR2-YFP does not colocalize with NeuN (a), and is predominantly present in the superficial dorsal horn (b), consistent with its restricted expression in Na~v~1.8^+^ sensory afferents. (c,d) Expression of GCamP6 as a cellular marker in superficial dorsal horn and dorsal root ganglia neurons after systemic transfection of neonatal mouse pups with GCamP6-expressing AAV9 administered via i.p. injection. GCaMP6 expression is restricted to afferent terminals entering the spinal cord dorsal horn (c) and neurons of the DRG (d), indicating the route of AAV9 virus-administration does not transfect intrinsic dorsal horn neurons. (e) Expression of ArchT-YFP in GAD65/67^+^ neurons of the dorsal horn after intraspinal injection of Cre-dependent AAV9 expressing ArchT-YFP in GAD2-Cre mice. (f) The expression of ArchT-YFP was largely restricted to the superficial dorsal horn of intraspinallyinjected GAD2-Cre mice. Scale bars of a, b, c, and f indicate 100 μm. Scale bars of d, e indicate 50 μm. Figure 2.Development and characterization of an epidural optic fiber implant. (a) The epidural optic fiber implant consists of a bare ferrule (1) embedded in a preformed dental cement base that facilitates fixation to the skull (2). The optic fiber (3) connected to the ferrule is a high-aperture, large-diameter core (240 µm) plastic fiber modified with a diffusive tip (4) to enable illumination of the spinal cord ventral to the fiber tip. The optic fiber is epidurally implanted in a mouse and connected to a fiber-coupled laser via a light-weight sleeve. (b) Image of an epidural optic fiber before implantation. Scale bar indicates 1 cm. (c) Image of a mouse immediately after implantation surgery with epidural optic fiber connected directly to a green light source (not to an experiment patch cable) to verify positioning of the fiber tip. (d) Estimation of power output from the diffusive tip of the optic fiber required for activation of opsins in the spinal cord dorsal horn using a threshold of activation (EC~20~) of 0.3 mW ċ mm^−2^ and 0.75 mW ċ mm^−2^ for ChR2 and ArchT, respectively. (e) Motor performance of epidural fiber-implanted and control mice in the RotaRod task. *n* = 6 mice per group. (f) Distance measurement and activity analysis of implanted and non-implanted mice placed in novel cage for 1 h. *n* = 6 mice per group. Figure 3.Activation of opsins expressed by sensory afferents and neurons of the spinal cord dorsal horn with a diffusive-tipped epidural optic fiber. (a) A diffusive-tipped optic fiber was used to ensure the ventrally transmission of light towards the dorsal horn. Demonstration of light emission from a diffusive-tipped fiber (left) compared to a standard, non-diffusive-tipped fiber (right), showing a wide angle of light emission from diffusive tip. Both fibers were immersed in a fluorescent FITC solution and injected with blue (473 nm) light. Scale bar indicates 250 μm. (b) Measurement of light transmission through various thicknesses of spinal cord myelin. (c) Schematic drawing of the model used for estimation of the power output from the diffusive tip of the optic fiber required for activation of opsins in the spinal cord dorsal horn (see Methods). Figure 4.Modulation of nociception through optogenetic control of sensory afferents and spinal cord interneurons. (a) Schematic diagram of optogenetic activation of ChR2-expressing Na~v~1.8^+^ afferents with blue light delivered by epidural optic fiber. (b) Light intensity thresholds for behavioural response of Na~v~1.8-ChR2 mice to blue light delivered via epidural optic fiber. *n* = 9 mice. (c) Mechanical withdrawal thresholds of Na~v~1.8-ChR2 mice before (Pre) and after (Post) implantation of the epidural optic fiber. *n* = 9 mice. (d) Reduction of mechanical withdrawal thresholds of Na~v~1.8-ChR2 mice induced though repetitive stimulation of the hind paw ventral surface with blue light (488 nm) in mice immobilized with anesthesia. *n* = 7 mice per group. (e,f) Reduction of mechanical withdrawal thresholds in Na~v~1.8-ChR2 mice induced though repetitive epidural optical stimulation with blue light immobilized with anesthesia (*e*; *n* = 5 mice in 0 min and *n* = 6 mice in 20 min stimulation groups) and in freely-behaving, non-anesthetized animals (*f*; *n* = 7 mice per group). (g) Schematic of optogenetic inhibition of ArchT-expressing GAD2+ inhibitory interneurons in the spinal cord dorsal horn with orange light delivered by epidural optic fiber. (h,i) Reduction of mechanical withdrawal thresholds (*h*; *n* = 7 GAD2-ArchT mice, *n* = 3 Na~v~1.8-ChR2 mice) but not thermal withdrawal latencies (*i*; *n* = 6 mice) via epidural delivery of orange light in epidural fiber-implanted GAD2-ArchT mice. (j) Schematic of optogenetic inhibition of ArchT-expressing Na~v~1.8^+^ afferents with orange light delivered by epidural optic fiber. (k,l) Reduction of withdrawal latencies to noxious thermal stimulation via delivery of orange (592 nm) light in epidural fiber-implanted Na~v~1.8-ArchT (*k*; *n* = 4 mice) but not fiber-implanted C57BL/6 mice (*l*; *n* = 3 mice).

Mice were anesthetized with isoflurane (2% to 2.5%) delivered by a flexible tube fitted with a latex nose cone to enable to manipulation of mouse during the surgery. The head and neck of the mice were shaved and a 1.5-cm incision was made from the first vertebrae to the skull. The dorsal neck muscles were separated at midline and retracted with the head held at a downward angle (approximately 45° from parallel) to expose the posterior atlanto-occipital membrane. The atlanto-occipital membrane was vigorously, mechanically cleaned with a cotton swab with particular attention paid to the point of connection to the first vertebrae (C1). This cleaning procedure does not perforate the membrane and promotes separation of the atlanto-occipital membrane from the dura to facilitate the epidural placement of the optic fiber. The optic fiber was carefully inserted through the atlanto-occipital membrane and under C1, immediately rostral to C1, with the head held at an acute, downward angle. Correct insertion was associated with a lack of cerebrospinal fluid loss at the site of insertion. With the head maintained at an acute angle and the body of the mouse suspended off the surgical table, the fiber was carefully inserted along the length of the spinal cord. The mouse was repositioned as necessary to straighten the natural curvature of the spine during implantation. The correct positioning of the fiber tip near L1 (corresponding to spinal segments L4 through L6^[@bibr16-1744806916629051]^) was confirmed by connecting the fiber to a light source and observing the illuminated region on the back ([Figure 2(c)](#fig2-1744806916629051){ref-type="fig"}). Once the fiber was correctly positioned, the skull of the mouse was cleaned with a small quantity of 30% H~2~O~2~ (Sigma Aldrich, Canada), rinsed thoroughly with saline, and blotted dry. The dental cement base of the fiber was fixed to the skull with Loctite 454 Prism instant adhesive and the incision sutured closed. The implanted mice were allowed to recover from anesthesia and the animals were monitored to ensure a lack of paralysis or movement abnormalities indicative of improper fiber placement before being housed in a standard home cage without environmental enrichment. Mice were allowed to recover from surgery for at least one week prior to experimentation.

Immunohistochemistry {#sec5-1744806916629051}
--------------------

For immunohistochemistry, mice were anesthetized with ketamine/xylazine and transcardially perfused with 4% w/v paraformaldehyde and 0.1% v/v picric acid in phosphate buffer. The spinal cord was dissected and post-fixed for 2 h. Notably, no gross deformation or damage caused by the epidural optic fiber was observed upon spinal cord extraction for immunohistochemistry. The tissue was cryo-protected in 30% sucrose solution overnight and then sectioned by a cryostat at 14 µm thickness. The sections were stained with rabbit antibodies against CGRP (1:2000; C8198, Sigma Aldrich), mouse anti-NeuN antibodies (1:800; MAB377, Chemicon), or rabbit anti-GAD65/67 antibodies (1:200; AB1511, Millipore), followed by incubation with Alexa Fluor 543-conjugated goat secondary anti-rabbit antibodies (1:100; Molecular Probes) or Alexa Fluor 647-conjugated goat secondary anti-mouse antibodies (1:100; Molecular Probes). Sections were examined under an Olympus Fluoview FV1000 confocal laser scanning microscope.

Physical model of spinal cord irradiance {#sec6-1744806916629051}
----------------------------------------

Myelinated spinal cord slices were obtained from adult male C57BL/6 mice. Mice were anesthetized with urethane (2 g ċ kg^−1^) and perfused with ice-cold artificial cerebral spinal fluid (aCSF; composition in mM: 124 NaCl, 3 KCl, 1.3 MgCl, 2.6 CaCl~2~, 1.25 NaH~2~PO~4~, 26 NaHCO~3~, 10 D-glucose; oxygenated with 95% O~2~, 5% CO~2~). The lumbar spinal column was removed and immersed in ice-cold sucrose aCSF after which the whole lumbar spinal cord was quickly removed via laminectomy. Parasagittal slices were cut at varying thicknesses that excluded gray matter and contained only myelin from the lateral side of the spinal cord. Slices were maintained in aCSF at room temperature (21--23℃) until imaging.

The transmission of light through the myelinated slices was measured using a custom-made laser scanning microscope with a long working distance water immersed objective (40 × 0.9 NA, LUMPlanFI/IR, Olympus, Japan). Spinal cord slices were illuminated by three laser beams: 473 nm (MBL-FN, Changchun New Industries Optoelectronics Technology, China), 594 nm (Mambo, Cobolt, Sweden) with a typical averaged power of 3 to 4 mW. Imaging was performed by the scanning of the sample placed on a micro controller stage (MPC-200, Sutter Instrument). The 473 nm and 594 nm light was transmitted through the tissue and measured by a photodetector (818 Si Metal Wand Detector, Newport, California, USA) fitted with a 0.8-mm diameter pinhole. The total power of the transmitted light (473 nm and 594 nm) was recorded for different thickness of the sample. The measured transmission was fit with a monoexponentially decaying curve.

We used a schematic model to estimate the power of light at the fiber tip required to activate opsins in the spinal cord ([Figure 3](#fig3-1744806916629051){ref-type="fig"}(c)). We assumed an area of 0.5 mm × 0.5 mm (approximately half a spinal segment in length) on the top of each half of the spinal cord to be irradiated by one-quarter of the output from the diffusive optic fiber tip. We accounted for the reduction in irradiation caused by scattering through myelin with the exponential fit of the empirically measured transmission of light through myelinated slices. We then calculated the power output from the diffusive tip of the optic fiber that would be required to activate opsins in the irradiated area using a threshold of activation (EC~20~) of 0.3 mW ċ mm^−2^ and 0.75 mW ċ mm^−2^ for ChR2 and ArchT, respectively,^[@bibr17-1744806916629051],[@bibr18-1744806916629051]^ using the formula: $${\text{Requiredpower}\quad(\text{mW}) = \text{EC}_{20}(\text{mW} \times \text{mm}^{- 2})}{{\quad\quad\quad}{\quad\quad\quad} \times \text{irradiatedarea}(\text{mm}^{2})}{{\quad\quad\quad}{\quad\quad\quad} \times 4/(\%\text{transmissionthroughmyelin})}$$

Optogenetic activation {#sec7-1744806916629051}
----------------------

The frequency and intensity of the 488 nm laser (iBeam Smart PT, Toptica Inc, Germany) used for activation of ChR2 was controlled directly through TopControl software (Toptica Inc). The intensity of the 592 nm laser (VFL-P-300-592, MPB Technologies, Montreal, Canada) used for activation of ArchT was controlled with MPB VFL laser software and light delivery was regulated with a custom-made, TTL-controlled acousto-optic modulator (Doric Lenses Inc., Quebec, Canada). Attenuation of the 592 nm laser output below 30 mW was achieved with an in-line, custom-made neutral density filter box (Doric Lenses). All laser output intensities reported refer to light intensity output from a patch cable (200 μm silica core, 0.22 NA, Thor Labs,) used for connection to the epidural optic fiber as measured with a PM100 light meter (Thor Labs).

Mechanical sensitization via peripheral stimulation was induced in fiber implanted Na~v~1.8-ChR2 mice by stimulating the hind paw of anesthetized mice with 488 nm light at a low frequency (2 Hz, 10 ms pulses) for 20 min as previously described.^[@bibr5-1744806916629051]^ The light intensity used for peripheral sensitization was 4 to 5 times higher than peripheral threshold intensity. Anesthesia was induced with isoflurane at the minimum concentration required to prevent paw withdrawal from peripheral light stimulus (approximately 1.8%). For epidural activation of ChR2-expressing Na~v~1.8^+^ afferents, the behavioral threshold was determined as the lowest intensity of light delivered via the epidural fiber that produced a behavioral response in the mice, such as twitching, fleeing, or vocalization. The light intensity used for epidural sensitization was 1.5 to 3 times higher than the behavioral threshold, and this intensity induced robust behavioral responses in non-anesthetized mice. Mechanical sensitization was induced in Na~v~1.8-ChR2 mice with epidural stimulation in anesthetized (1.8% isoflurane) and non-anesthetized mice with 488 nm light at a low frequency (2 Hz, 10 ms pulses) for 20 min. For tests of thermal and mechanical sensitivity using epidural delivery of 592 nm laser light, the laser was activated immediately prior to presentation of each thermal or von Frey stimulus and inactivated immediately after. Each presentation was separated by a minimum of 5 min. Mice were acclimatized to the connection of the patch cable and testing environment for 1 h prior to testing. The various optical approaches used throughout the study are summarized in [Table 1](#table1-1744806916629051){ref-type="table"}.

Behavioral Experiments {#sec8-1744806916629051}
----------------------

### Rotarod {#sec9-1744806916629051}

Evoked motor performance was tested in naive, fiber-implanted, and non-implanted C57BL/6 mice using a Rotarod (IITC Life Sciences, California, USA). Mice were tested at least two weeks after fiber implantation and all mice were age-matched. Rotation was started immediately after the mice were placed on the rotarod, and accelerated from 0 to 35 RPM over a period of 100 s. The latency to fall was measured and a cut-off time of 100 s was set, but the cut-off was not reached in any trial. Trials were repeated five times per mouse separated by 30 min each.

### Novel cage behavior {#sec10-1744806916629051}

Spontaneous motor behavior of fiber-implanted and non-implanted C57BL/6 mice was assessed by recording the activity of mice placed in a clean cage fitted with a food hopper, similar to their home cage, but empty of food and water. Mice were tested at least two weeks after fiber implantation and all mice were age-matched. Four mice were tested simultaneously with the experimenter out of the room using and behavior was captured using D-Link 942L network cameras and recorded with iSpy64 software. The mouse behavior and distance traveled by the mice were automatically scored using HomeCageScan software (CleverSys Inc, Virginia, USA) and the time spent in each behavior was totaled. The activity of mice was binned into the behavioral categories of exploration (dig, forage, sniff, rearing), hanging, and resting (no movement) behavior.

### Thermal sensitivity {#sec11-1744806916629051}

Thermal sensitivity was assessed using a Hargreaves thermal sensitivity apparatus (IITC Life Sciences). Mice were placed on a 3/16th-inch thick glass floor warmed to 29℃ within small (8 × 8 cm) Plexiglas cubicles, and a focused high-intensity projector lamp beam was shone from below onto the mid-plantar surface of the hind paw. For experiments with Na~v~1.8-ArchT mice, a 715-nm long-pass filter (Thor Labs) was fitted to the projector to avoid activation of peripherally expressed ArchT in nociceptive afferents. Light intensity during stimulation was adjusted to 75% of maximum with the long-pass filter in place. In experiments with GAD2-ArchT mice, the long-pass filter was omitted and stimulation light intensity was set to 20% of maximum. A 30-s withdrawal latency was set, and latency to withdraw from the stimulus was measured to the nearest 0.1 s. Both hind paws were tested twice under each condition and all results were averaged for each experimental condition.

### Mechanical sensitivity {#sec12-1744806916629051}

Mechanosensitivity was measured using the SUDO up-down method with von Frey hairs to estimate the 50% withdrawal threshold in pressure units (g·mm^−2^).^[@bibr19-1744806916629051]^ Both hind paws were tested twice under each condition and results were averaged for each experimental condition.

Results {#sec13-1744806916629051}
=======

The epidural optic fiber consisted of a length of plastic optical fiber and ceramic ferrule with a small cement base for fixation to the skull ([Figure 2(a)](#fig1-1744806916629051){ref-type="fig"} and ([b](#fig1-1744806916629051){ref-type="fig"})). The length and placement of the fiber was adjusted to ensure the fiber tip was positioned between vertebral spines T13 and L1, corresponding with spinal segments L4 through L6^[@bibr16-1744806916629051]^ ([Figure 2(c)](#fig1-1744806916629051){ref-type="fig"}). The optic fiber was terminated in a diffusive tip to enable the diffusion of light ventrally, toward the spinal cord ([Figure 3](#fig3-1744806916629051){ref-type="fig"}(a)). A diffusive tip design was chosen for this purpose for its combination of robustness and simplicity.

The activation of opsins expressed in afferent fiber terminals and cells of the spinal cord dorsal horn requires light from the optic fiber to pass through the myelinated dorsal surface of the spinal cord, which will scatter light and reduce dorsal horn irradiance. We first measured the transmission of light through various thicknesses of myelin to account for scattering of light by myelin ([Figure 3](#fig3-1744806916629051){ref-type="fig"}(b)). We found that the degree of scattering is strongly determined by the thickness of myelin and the wavelength of light, with 96% to 99% attenuation of light intensity observed for myelin thicknesses of 50 to 200 µm. We then incorporated these data into a simple model of spinal cord illumination to estimate the total power of light at the fiber tip required to activate spinal cord opsins ([Figure 3](#fig3-1744806916629051){ref-type="fig"}(c)). We estimated that opsins expressed in afferent fibers that enter the dorsal horn from the dorsal side and are therefore very superficial (\<50 µm of myelin) will be activated with a total power output from the tip of the fiber of approximately 5 to 10 mW for ChR2 and 10 to 15 mW for ArchT ([Figure 2(d)](#fig1-1744806916629051){ref-type="fig"}). Opsins expressed by neurons in the superficial dorsal horn require light to traverse approximately 100 to 150 µm of myelin and therefore require approximately 15 to 35 mW of power output from the tip of the fiber for threshold activation of ChR2, and 25 to 40 mW for threshold activation of ArchT.

The epidural implant was well tolerated in mice, with several mice retaining intact fibers and behavioral responses to epidural light stimulation for up to six months after implantation. To determine whether the epidural optic fiber impaired animal movement, we measured evoked and spontaneous motor performance in the otarod assay and novel cage activity, respectively, of epidural fiber-implanted and non-implanted control mice. In the Rotarod assay, epidural fiber-implanted C57BL/6 mice performed as well as non-implanted controls ([Figure 2(e)](#fig1-1744806916629051){ref-type="fig"}). Additionally, the total distance traveled as well as the amount of time spent actively exploring, climbing, and resting during a 1-h exposure to a novel home cage environment were similar between implanted and non-implanted mice ([Figure 2(f)](#fig1-1744806916629051){ref-type="fig"}). These data demonstrate that the epidural fiber implant does not impair evoked or spontaneous motor activity in mice.

Three different optogenetic mouse lines were implanted with the optic fiber: mice expressing ChR2 in Na~v~1.8^+^ nociceptors (Na~v~1.8-ChR2 mice),^[@bibr5-1744806916629051],[@bibr13-1744806916629051]^ mice expressing the inhibitory opsin ArchT in Na~v~1.8^+^ nociceptors (Na~v~1.8-ArchT), and mice expressing ArchT in GABAergic interneurons of the spinal cord dorsal horn (GAD2-ArchT; [Table 1](#table1-1744806916629051){ref-type="table"}). We first sought to use the epidural optic fiber to activate sensory afferents and induce sensory plasticity in freely behaving Na~v~1.8-ChR2 mice ([Figure 4(a)](#fig2-1744806916629051){ref-type="fig"}). The spinal delivery of blue light to Na~v~1.8-ChR2 mice implanted with the epidural optic fiber produced robust nocifensive behavior ([Figure 4(b)](#fig2-1744806916629051){ref-type="fig"}). Notably, the mechanical withdrawal threshold of Na~v~1.8-ChR2 mice did not change after implantation of the fiber compared to preimplantation withdrawal thresholds in the same mice, indicating the fiber implant does not cause mechanical hyperalgesia by itself ([Figure 4(c)](#fig2-1744806916629051){ref-type="fig"}). Additionally, we confirmed that prolonged, low-frequency peripheral stimulation with blue light (488 nm) applied to the hind paw under anesthesia induced long-lasting mechanical hyperalgesia in epidural fiber-implanted Na~v~1.8-ChR2 mice as compared to implanted Na~v~1.8-ChR2 mice mice that received anesthesia but no stimulation ([Figure 4(d)](#fig2-1744806916629051){ref-type="fig"}).

We next sought to determine whether the prolonged activation of Na~v~1.8 afferents at the spinal level via the epidural fiber can induce mechanical hypersensitivity. We first tested the effect of epidural stimulation of Na~v~1.8 afferents in anesthetized mice. Compared to non-stimulated controls, we found that epidural stimulation produced long-lasting mechanical hyperalgesia ([Figure 4(e)](#fig2-1744806916629051){ref-type="fig"}), similar to that produced by peripheral stimulation of the hind paw. Yet, one advantage of the epidural fiber is the ability to deliver light to the spinal cord of freely behaving (non-anesthetized) animals. We next applied the same low-frequency epidural stimulation paradigm (2 Hz, 20 min) in freely behaving Na~v~1.8-ChR2 mice and found that a similar hyperalgesia was observed following prolonged epidural light stimulation as compared to non-stimulated controls ([Figure 4(f)](#fig2-1744806916629051){ref-type="fig"}). The epidural fiber optogenetic paradigm thus enables the stable and well-controlled optogenetic exploration of activity-induced hyperalgesia without the potentially confounding effects of anesthesia.

To demonstrate the ability to optogenetically modulate intrinsic spinal cord circuits with the epidural optic fiber, we used GAD2-ArchT mice ([Figure 4(g)](#fig2-1744806916629051){ref-type="fig"}) to enable the selective silencing of spinal inhibitory GABAergic interneurons. In these mice, the spinal delivery of orange (592 nm) light with the epidural fiber reduced mechanical withdrawal thresholds ([Figure 4(h)](#fig2-1744806916629051){ref-type="fig"}). Notably, the power requirements we predicted would be required to activate ArchT within the dorsal horn directly correspond with our behavioral observations for the mechanical hyperalgesia induced by inhibition of GABAergic interneurons. Additionally, the same orange light had no effect on the mechanosensitivity of Na~v~1.8 -ChR2 control mice implanted with the fiber, even though they exhibit nocifensive responses to epidural delivery of blue light, and no behavioral response was seen in implanted C57BL/6 or Na~v~1.8-ChR2 following the delivery of 592 nm light intensities at up to 200 mW at the fiber tip (data not shown). Of interest, spinal delivery of orange light did not change the thermal sensitivity of GAD-ArchT mice ([Figure 4(i)](#fig2-1744806916629051){ref-type="fig"}). These findings are consistent with the recent report that the permanent ablation of dynorphin-expressing GABAergic and glycinergic interneurons in the dorsal horn selectively induces hyperalgesia to mechanical but not thermal stimuli.^[@bibr20-1744806916629051]^ Our results extend these findings by indicating that acute, optogenetic inhibition of inhibitory interneurons in the dorsal horn is sufficient to transiently and reversibly induce mechanical hyperalgesia.

We next tested whether optogenetic inhibition of Na~v~1.8^+^ afferents at the spinal level could effectively suppress nociception. In Na~v~1.8-ArchT mice with epidural fiber implanted ([Figure 4(j)](#fig2-1744806916629051){ref-type="fig"}), the acute spinal delivery of orange (592 nm) light prolonged the withdrawal latency to noxious thermal stimulation, demonstrating a suppression of nociception ([Figure 4(k)](#fig2-1744806916629051){ref-type="fig"}). Conversely, the thermal withdrawal thresholds of epidural-fiber implanted C57BL/6 mice used as controls were not modified by the spinal delivery of orange light up the highest light intensity used, indicating that the spinal delivery of light itself is neither noxious nor analgesic ([Figure 4(l)](#fig2-1744806916629051){ref-type="fig"}).

Discussion {#sec14-1744806916629051}
==========

Overall, these results demonstrate the broad utility of epidural optogenetics for the study and manipulation of sensory afferent and spinal cord sensory network activity. The strategy employed here addresses key limitations of other approaches to sensory optogenetics recently described.^[@bibr5-1744806916629051],[@bibr6-1744806916629051],[@bibr12-1744806916629051]^ The epidural implant enables the concurrent delivery of any wavelength of light for complete optogenetic control of defined cell populations. The ability to couple the epidural fiber to laser light sources also enables the delivery of sufficiently strong light intensities for the activation of inhibitory opsins such as ArchT as well as the modulation of intrinsic spinal neurons. By extrapolating our irradiance model, we predict that the epidural optic fiber design described here will enable sufficient irradiance for optogenetic manipulation of spinal cord neurons throughout the dorsal horn. As with other methods to deliver light directly to the spinal cord,^[@bibr12-1744806916629051]^ the epidural optic fiber provides a method for the stable, controlled modulation of sensory afferents in freely behaving animals.^[@bibr5-1744806916629051],[@bibr8-1744806916629051]^ Yet, because the epidural fiber is uniquely suitable for the activation of inhibitory opsins and the manipulation of intrinsic spinal cord neurons, this approach also enables the use of optogenetics in more complex behavioral assays designed to dissect the integration and processing of sensory inputs.

The transient induction of mechanical but not thermal hyperalgesia upon inhibition of GABAergic neurons parallels results recently obtained through the permanent ablation of somatostatin-positive inhibitory neurons in the dorsal horn.^[@bibr20-1744806916629051]^ These results, together, suggest that thermal and mechanical hyperalgesia involve different changes in spinal cord sensory processing, with spinal GABAergic disinhibition primarily modulating mechanical sensitivity. However, the temporal fidelity of optogenetics offers a considerable advantage over ablation or pharmacological inhibition approaches to the behavioral studies of spinal cord function.^[@bibr20-1744806916629051],[@bibr21-1744806916629051]^ In particular, short-term optogenetic silencing avoids possible developmental or compensatory changes that may accompany permanent ablation, as observed in the spontaneous partial recovery of hyperalgesia induced by ablation of spinal cord glycinergic neurons.^[@bibr22-1744806916629051]^

Finally, our epidural fiber implant also provides an important demonstration of the utility of epidural optical approaches for possible future use in clinical settings. Chronic, epidural, or intrathecal probes are routinely used for spinal drug delivery or electrical stimulation in pain. While many hurdles still remain, the transfection of peripheral nerves to enable optogenetic control of neuronal activity in humans is a distinct future possibility.^[@bibr23-1744806916629051],[@bibr24-1744806916629051]^ Our results demonstrate the potential of using epidural or intrathecal optic fibers for the optogentic control of specific sensory afferents as a therapeutic approach for the treatment of sensory disorders in humans.

Conclusions {#sec15-1744806916629051}
===========

The epidural optic fiber described here provides a robust and powerful solution for spinal optogenetics that enables activation of both excitatory and inhibitory opsins in sensory processing pathways. Our results demonstrate the potential of spinal optogenetics to modulate sensory behavior and produce analgesia in freely behaving animals.
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